Two DNA polymerases with properties of viral RNA-directed DNA polymerase can be found in RIII mouse milk. One enzyme is the polymerase of type-C viruses; this enzyme prefers manganese to magnesium with poly(rA) . oligo(dT) as synthetic template, is inhibited by specific sera, and has an apparent molecular weight of 70,000. Milk from BALB/c and NIH Swiss mice contain a vast predominance of this type-C enzyme. The other DNA polymerase from RIII mouse milk prefers magnesium to manganese, is not inhibited by type-C antipolymerase serum, and appears larger on gel chromatography than the type-C viral polymerase. Its presence in milk from RIII mice and absence from milk of mice with low content of mammary tumor virus correlates to the relative degree of type-B virus expression in these mice. The DNA polymerase of Mason-Pfizer monkey virus, isolated from a rhesus monkey breast tumor, also has a marked preference for magnesium with poly(rA) .oligo(dT), is not immunologically related to primate type-C viruses, and appears larger than the gibbon type-C enzyme on gel chromatography.
Both type-B (mammary tumor virus; MTV) and type-C viruses have been detected in mouse milk for many years, and transmission by milk may be an important mode of the natural spread of both viruses (1, 2) . The actual virus content of milk and whether there is an associated expression of disease by either or both viruses is the net result of a complex interaction of genetics, hormones, age, and parity (3) (4) (5) (6) . In order to study further these multiple parameters and their relative roles, it is essential to be able to distinguish and quantitate type-B and type-C viruses. Until recently, measurement of viruses in milk has relied on electron microscopy, in vivo infectivity assays, and to a limited extent, on immunoassays (7, 8) . A potential measure of viral activity in milk was provided by the demonstration of an RNA-directed DNA polymerase activity in mouse milk from the "high-MTV" strain, RIJI (9) ; it was subsequently reported that this polymerase activity in milk was not inhibited by antisera to type-C polymerase (10) . More recently, our experiments have shown that lpolymerase activity in mouse milk has been partially and inconsistently inhibited by antisera against the type-C viral enzyme. Since one explanation of this variability is that the milk actually contains a mixture of type-B and type-C viral enzymes, we undertook to determine if we could identify several viral enzymes in milk from a mouse strain with high MrlTV content, such as RIJI. We report here a method of physically separating and distinguishing the type-B and type-C viral polymerases present in RIII mouse milk.
Because of certain morphological similarities between the murine MTV and Mason-Pfizer monkey virus (MP-MV) (11), a primate virus containing RNA-directed DNA polymerase (12) , we also compared the MP-MV DNA polymerase with the gibbon type-C viral enzyme. The murine and primate type-C viral polymerases are similar in cation preferences and size; both MTV and MP-MV prefer magnesium as a divalent cation and elute ahead of the type-C enzymes, as detected by gel chromatography.
MATERIALS AND METHODS
Preparation of Viruses. Murine mammary tumor virus was prepared from the milk of first and second parity RIII mice from a seed colony originally supplied by Dr. Dan Moore (Camden, N.J.). 50 ml of milk was collected, diluted 2-fold with 1 mM Tris-HCl (pH 7.0) containing 15 mM EDTA and 150 mM NaCl, and homogenized (10 strokes) at 40 in a glass Dounce-type homogenizer. The diluted skimmed milk was collected by low-speed centrifugation (10,000 X g for 10 min) and centrifuged at 92,000 X g for 1.5 hr through a 20% (v/v) glycerol cushion. The resulting pellet was resuspended in 12-20 ml of 150 mM NaCl-1 mM Tris*HCl (pH 7.0), layered over a 20-60% (w/w) sucrose gradient in a Beckman T1-14 rotor, and centrifuged 3 hr at 91,300 X g and 4°. Material from the density range of 1.16-1.18 g/cm3 was collected, diluted to 20% sucrose, and concentrated by centrifugation at 108,000 X g for 1.5 concentrated on an Amicon (Lexington, Mass.) filtration device with an Amicon P-10 filter and stored at -170°. Sephadex G-100 or G-150 gel chromatography was as noted (13) , and is described in the appropriate legends.
The sources of materials and details of polymerase assays have been described for rA dT12_18, dA dT12.18, and rC dG12_18 (13) . Antibody-inhibition studies with purified IgG from rabbit sera were also performed as described (10, 14, 15) .
RESULTS

Mouse-milk polymerases
Purified viruses from RIII, BALB/c, and NIH Swiss mouse milk were extracted with detergent and applied to phosphocellulose columns. The columns were eluted with linear KCl gradients as shown in Fig. 1A and B. Potential viral RNAdirected DNA polymerase activities were assayed with poly-(rA) . oligo(dT)12_18. In Fig. 1A , the milk from BALB/c mice yielded one major peak of activity, eluting at 0.30 M KCl.
In contrast, the milk from RIII mice ( Fig. 2 . The 0.30 M KCl peak from BALB/c milk utilized poly(rA) . oligo(dT) as template much better (>50-fold) in the presence of manganese than of magnesium. In contrast, both polymerases A and B from RIII milk utilized this same template better with magnesium. These results were consistent with earlier studies showing that mammalian type-C viral enzymes copied synthetic RNA templates better with manganese and type-B enzymes were relatively more efficient with magnesium (16) .
To further identify the origin of the enzymes found in milk, the polymerase activities from RIII and BALB/c milk were tested with rabbit antisera to mouse type-C viral polymerase. The enzyme from purified Rauscher murine leukemia virus was also included for comparison. All peaks and the purified enzyme from Rauscher virus were tested in the presence of both manganese and magnesium, and the results are shown in Fig. 3 . Fig. 3A illustrates the results for both the Rauscher virus enzyme and the major polymerase peak from BALB/c milk. Both enzymes were inhibited equally well with antiserum whether magnesium (closed symbols) or manganese (open symbols) was used as cation. 80% Inhibition was observed with 10-15 jg of antiserum, and the activities were 90% inhibited by 25-50 jug of antiserum IgG. Control serum had no effect with either cation. Fig. 3B shows that peak A from RIII milk was not inhibited by the same antiserum with either magnesium or manganese as cation. As shown in Fig. 3D , polymerase B from RIII milk also was not inhibited by Rauscher leukemia virus antipolymerase IgG in the presence of magnesium. However, with manganese, definite inhibition was observed (Fig. 3C ) with polymerase B from RIII milk.
The data suggested that the major viral polymerase activity Fig. 4 was equilibrated in the same buffer. A 1.0-ml aliquot of the mixture of enzymes was applied and eluted at 12 ml/hr with the same buffer as in Fig. 4 . Fractions of 1.8 ml were collected, and 0.010 ml was assayed as in Fig. 4 . Open symbols, manganese; closed symbols, magnesium. Recovery of activity was 35% of the magnesium activity and 45% of the manganese activity.
type-C and, presumably, the mammary tumor virus enzyme. Since the type-C enzyme could only be detected under these conditions with manganese, antibody inhibition would only be observed when the cation in the assay was manganese.
To resolve the contents of the two peaks from RIII milk, the following experiments were performed. In studies not shown, polymerase A was first adsorbed to DEAE-cellulose to remove potential nucleic acid, and then rerun on phosphocellulose. After DEAE treatment, more than 90% of the polymerase activity now eluted at 0.30-0.40 M KCl from phosphocellulose, i.e., like polymerase B, and it was still not inhibitable by type-C antipolymerase IgG in the presence of either manganese or magnesium. We concluded that RIII phosphocellulose peak A (0.18 M KCl) represented MTV enzyme free of type-C enzyme, and was artifactually displaced from more fully solubilized MTV enzyme (0.30 M KCl) because of presumed complexing to nucleic acid. Thus, we concentrated our further studies on the polymerase B from RIII milk (shown in Fig. 1B) , to see if the two postulated enzymes could be recovered from it.
As shown in Fig. 4 , RIII peak B was applied to a Sephadex G-100 column, and fractions were assayed with poly(rA)-oligo(dT) with either magnesium or manganese. Two distinct peaks of polymerase activity are apparent. The earlier eluting peak utilized rA * oligo(dT) better with magnesium. The later eluting polymerase activity works poorly with magnesium, and shows a distinct preference for manganese (BALB/c polymerase showed only this later-eluting peak). Antibody inhibition studies on fraction 66 in Fig. 4 in the presence of manganese showed clear inhibition, similar to that shown in Fig. 3A with polymerase from Rauscher murine leukemia virus. In contrast, enzyme in fraction 48 now was not inhibited by the Rauscher virus antipolymerase IgG in the presence of manganese or magnesium (<15%). The results indicate that polymerase B from RIII milk contained two distinct polymerases on the basis of elution from Sephadex G-100, cation preferences, and immunological reactions with antibody to type-C viral polymerase.
To verify that both peaks from Sephadex had properties of RNA-directed DNA polymerase, we tested the enzymes with poly(rA) * dT12_18, poly(dA) * dT12_18, and rC * dG12_18, synthetic templates useful in distinguishing viral enzymes from the major activity utilizing poly(rA) * oligo(dT) in mammalian cells, the Weissbach polymerase or DNA polymerase C (17) (18) (19) . The results are shown in Table 1 . The Weissbach enzyme obtained from BALB/3T3 cells not producing virus is included for comparison. Both milk polymerases purified on phosphocellulose and Sephadex G-100 utilize rA dT much better than dA -dT, in contrast to the Weissbach enzyme which efficiently utilizes dA dT. Poly-(rC) oligo(dG) is also used by either Sephadex polymerase and poorly utilized by the Weissbach enzyme. Thus, both activities from Sephadex have properties of viral RNA-directed DNA polymerase and are not the Weissbach polymerase.
Comparison of MP-MV and gibbon type-C viral enzymes
To explore the possible relationship of the RNA-directed DNA polymerase from Mason-Pfizer monkey virus (12) to the primate type-C polymerase from the gibbon type-C virus, we purified viral enzyme from each virus by phosphocellulose chromatography (13) . Earlier studies had shown the MP-MV and gibbon virus polymerases to be antigenically distinct (15) , but no data have been published on their cation preferences with synthetic templates. The phosphocellulosepurified enzymes were tested with manganese and magnesium, and the results are shown in Fig. 5 . The MP-MV enzyme utilized rA-oligo(dT) much better with magnesium, whereas the gibbon viral enzyme utilized this template better with manganese. Therefore, the two enzymes were mixed and chromatographed on Sephadex G-150, as shown in Fig. 6 . As with the murine viral enzymes, two distinct peaks were noted. The earlier eluting polymerase prefers magnesium, whereas the later eluting one utilized rA * oligo(dT) preferentially with manganese. Antibody inhibition studies confirmed that the earlier eluting activity was the MP-MV enzyme, and the later eluting activity was the gibbon polymerase.
DISCUSSION
Two distinct RNA-directed DNA polymerases could be separated from RIII mouse milk. One enzyme prefers manganese to magnesium when utilizing rA -oligo(dT), elutes with a molecular weight of about 70,000, and is inhibited by antibody to RNA-directed DNA polymerase from murine leukemia virus. This enzyme is also found in BALB/c and NIH Swiss mouse inilk and in both instances appears to be RNAdirected DNA polymerase from type-C virus.
The second DNA polymerase activity in RIII milk elutes slightly ahead of the type-C enzyme on gel chromatography, and prefers magnesium as divalent cation when utilizing rA oligo(dT). This enzyme is capable of transcribing rC oligo-(dG), and poorly utilizes dA oligo(dT) as a template; these characteristics distinguish it from the polymerase described by Weissbach. Antibody to the type-C viral enzyme does not inhibit this second RIII milk polymerase when it is purified free of the type-C enzyme. Based on the relatively high conVoid centration of this "non-type-C" viral RNA-directed DNA polymerase in RIII milk (a high MTV expresser) and its absence in BALB/c and NIH Swiss milk (low MTV expressors), this RNA-directed DNA polymerase is presumably the type-B MTV polymerase. Antiserum has not been prepared to the type-B enzyme because of an insufficient quantity of purified virus as well as the difficulty in preparing the enzyme free of type-C enzyme.
Type-B viruses have been described only in mice, in contrast to the widespread distribution of type-C viruses in several classes of animals. Recent electron microscopic studies of the morphogenesis of MP-MV, a virus isolated from a rhesus monkey with a spontaneous breast tumor, revealed several developmental forms that are analogous to the murine type-B virus. However, there are no immunological or biochemical data to support the intriguing morphological similarities. Our present studies comparing the MP-MV RNAdirected DNA polymerase with the gibbon type-C viral enzyme revealed that the MP-MV enzyme eluted ahead of the type-C enzyme on Sephadex chromatography and preferred magnesium as a divalent cation with synthetic templates. In these respects, the MP-MV and primate type-C viral enzymes share similarities, respectively, with the mouse type-B and mouse type-C viral enzymes. From the point of view of classification, it would be highly premature to speculate that the MP-MV is an analogue of the murine type-B virus. Clearly, such a relationship cannot be accepted based solely on elution profiles from columns or other biochemical similarities between different RNA-directed DNA polymerases. However the present data would indicate that additional similarities should be sought between MTV and MP-MV such as immunological crossreactions and an increased knowledge of what, if any, role MP-MV has in primate breast cancer. With this biochemical knowledge of the differences in the properties of the primate viral RNA-directed DNA polymerases, the ability to physically separate them from cellular DNA polymerases (Scolnick et al., unpublished data) , and the availability of specific antisera to the viral enzymes (15), it may now be possible to characterize and purify the DNA polymerase activities noted in human milk (20) .
